Fatigue strength improvement method which combined a cleaning treatment with a grinder and a peening treatment is investigated. Although a stress concentration at a weld toe is reduced by the cleaning treatment, the peening treatment does not change the stress concentration. The reduction of stress concentration at the weld toe greatly improves a crack initiation life. The peening treatment can introduce a compressive residual stress at surface layer. Since a residual stress near a crack tip for peened specimens should be compression due to a redistribution of compressive residual stress, a crack propagation rate does not retard only in the compressive residual stress region but in the tensile residual stress region. The compressive residual stress induced by the peening treatment improves the crack propagation life.
INTRODUCTION
Recent years, high strength steel has been applied to steel bridges in order to reduce both construction and transportation costs. However, fatigue strength of welded joints does not depend on steel grade (JSSC 1993) . Therefore, the fatigue problems will be more critical in the design of steel bridges when the higher strength steel is used. Hence, it can be said that the improvement of the fatigue strength at welded joints is very important in order to used high strength steel efficiently. In this study, a peening treatment combined with a cleaning treatment by grinder as pre-treatment is conducted to improve fatigue strength of out-of-plane welded joint. The purpose of this study is to clarify the improvement mechanism by this peening treatment method.
PEENING TREATMENT AND SPECIMEN
For peening treatment, steep ditches may be induced by blows of a hammer at the location of a weld toe (Anami et al. 2000) . Those ditches affect much negatively on the fatigue strength. In order to prevent the occurrence of ditches, the weld toe must be removed by grinder as pre-treatment, which is called a cleaning treatment in this study. After the cleaning treatment, a compressive residual stress is introduced by a peening treatment. In this study, two kinds of peening machines are used to investigate that the difference in the compressive residual stress affects on the fatigue life. Fig.1 shows a grinding machine and peening machines.
The test specimen is shown in Fig.2(a) . The treating conditions are as-welded, only cleaning treatment, cleaning plus peening treatment with peening machine 1 called CP and cleaning plus peening treatment using peening machine 2 called CP . Fig.2(b) indicates the weld toe. By using these specimens, fatigue tests are carried out. The stress ratio is almost zero. To produce beachmarks on fracture surfaces, the applied stress range is periodically reduced to the half range while keeping the same maximum stress to avoid crack growth retardation. From fatigue test results, fatigue strengths treated by CP and CP increase compared to that of cleaning treatment. In addition, CP and CP improve fatigue limit. The fatigue strength seems to depend on stress range. Although, great improvement can be achieved over the low stress range, the improvement over the high stress range is found to be slight.
The fatigue test results are evaluated from the view points of a crack initiation life and a crack propagation life. The crack initiation life N C is defined as the number of cycles when the crack depth reaches 0.2 mm. The crack depth is measured from beachmarks, as shown in Fig.4 . The crack propagation life N P can be obtained using following equation.
The relationships between the nominal stress range and the crack initiation life, and between the nominal stress range and the crack propagation life are shown in Fig.5 (a) and Fig.5 (b), respectively. In the crack initiation life, fatigue strength is improved by all methods. In addition, the crack propagation life is also improved by CP and CP . However, the improvement of crack propagation life by cleaning treatment is small. 
IMPROVEMENT EFFECTS

Stress Concentration
In order to evaluate the reduction of stress concentration at the weld toe by the proposed treatment, FEM analysis is conducted. Table 1 shows the toe configuration of each toe treatment measured by replica. Since the dominant parameter which decides stress concentration at the weld toe is the toe radius, the minimum toe radius in measured samples is used for the modeling. The other parameters, such as the frank angle and the depth of dent, are average values as representative values of the toe configuration. Fig.7 indicates the analytical model. In this research, sub model technique is applied. The minimum element distance is about 0.01 mm. Stress concentration factor SCF is defined as the maximum longitudinal stress at the weld toe normalized by the nominal stress. Fig.8 shows the distribution of stress concentration in the thickness direction. In order to emphasize stress decrease near the surface, the log-scale is chosen for the vertical axis in this figure. Stress concentration factor is decreased by all treatment, i.e., cleaning treatment, CP and CP .However, the decrease in the stress concentration is observed only from the treated surface to a depth of 0.2 mm. In addition, stress concentration of CP and CP is almost same as that of cleaning treatment. Therefore, the peening treatment after the cleaning treatment does not change the stress concentration. 
Residual Stress
In order to examine the residual stress variation due to the treatment, the residual stress near the weld toe or the treated surface is measured by an incremental hole drilling method (Schajer 1988 ). Fg.9 shows the measured residual stress distribution in the thickness direction near the surface. For as-welded and cleaned specimens, tensile residual stresses exist, and the values at the surfaces are about 380 MPa and 190 MPa, respectively. In addition, tensile residual stresses are almost constant in the thickness direction until the depth of 1 mm. Hence, high tensile residual stress is slightly released by cleaning treatment. From the test results and these measured results, it can be said that deeper and larger compressive residual stress makes fatigue life longer.
Crack propagation rate
From the observation of beachmarks, it is clear that each crack shape is different. In order to clarify the effect of toe treatments on the propagation behavior, the crack propagation rate is investigated.
The relationships between the crack propagation rate in the thickness direction and the stress intensity factor range, and the crack propagation rate and the crack depth are shown in Fig.10(a) and Fig.10(b) , respectively. Each solid line with some points indicates the result of respective specimens. Hence, in Fig.10(a) , the ascending of stress intensity factor range means the increasing of crack depth. An average design curve of JSSC fatigue design recommendation are also shown in Fig.10(a) . Following equations are used for the calculation of stress intensity factor range K . 
where F e (Newman 1979) , F s (Paris and Sih 1965), F t (Ishida 1976 ) and F g (Albrecht and Yamada 1977) are correction factors for crack shape, surface crack, finite thickness and stress gradient. a b and T indicate the crack depth, the crack width and the thickness of base metal, respectively. The crack propagation rate in thickness direction is obtained by dividing a distance between each beachmark by the number of cycles of respective step.
For the relationship between the crack propagation rate and the stress intensity factor, the results of aswelded specimens are plotted around the average design curve. The crack propagation rate of cleaning treatment is slightly late compared with that of as-welded ones. Both crack propagation rates of CP and CP are slower than that of cleaning treatment. Since the stress intensity factor range evaluates the effects of stress range, crack shape and stress gradient, the difference of the propagation rate is attributed to the residual stress. Since the tensile residual stress due to the welding is released by the cleaning treatment, the propagation rate is slightly slower than that of as-welded specimens. Fig.10 Relationships between stress intensity factor range and crack propagation rate, and crack depth and crack propagation rate A retardation effect is attributed to the compressive residual stress induced by the peening treatment. The residual stress effect on the crack propagation rate is often explained by the stress ratio R. According to the previous researches, the relationship between the crack propagation rate and the stress intensity factor for arbitrary stress ratio is obtained by using following equations (Tanaka and Soya 1987) . Fig.10(a) .
Most of the test results for CP and CP were plotted between R=-0.5 and R=0, and R=-0.3 and R=0.1, respectively. Since the mean stress should decrease due to the compressive residual stress, the stress ratio reduces. In particular, all the test results of CP which has the high compressive residual stress are plotted below the equation (3) of R=0. Fig.10(b) indicates that the retardation effect can be found beyond the depth of the compressive residual stress.
Previous researches revealed the residual stress near the crack tip remains tension even though the crack entered the region where a compressive residual stress had originally existed when a fatigue crack initiated in a tensile residual stress field (Miki et al. 1983 ). Similar tendencies have been observed in case that a crack originates in a compressive residual stress field (Mukai et al. 1986 and Kitsunai et al. 1987 ). These tendencies are caused by a redistribution of the residual stress at the surface layer. In this study, same behavior, which the residual stress at the crack tip is compression even if the crack propagates into the original tensile residual stress region, seems to be occurred. Therefore, the crack propagation rate does not retard only in the compressive residual stress region but in the tensile residual stress region, that is the deep crack depth region. This retardation effects improves the crack propagation life.
CONCLUSIONS
In this study, peening treatment combined with cleaning treatment is investigated. This proposed method improves the fatigue strength. The cleaning treatment, which reduces the stress concentration at the weld toe, greatly improves the crack initiation life. The peening treatment introduces the compressive residual stress. From the observation of the beachmarks on fracture surfaces, the crack propagation rate of the peened specimen retards. The residual stress near the fatigue crack tip seems to be compression due to the redistribution of compressive residual stress as the fatigue crack grows. Since the compressive residual stress interrupts the crack propagation, the peening treatment improves both the crack initiation life and the propagation life.
